The kinetics of the interfacial layer ͑IL͒ growth between Hf aluminates and the Si substrate during high-temperature rapid thermal annealing ͑RTA͒ in either N 2 (ϳ10 Torr) or high vacuum (ϳ2 ϫ10 Ϫ5 Torr) is studied by high-resolution x-ray photoelectron spectroscopy and cross-sectional transmission electron microscopy. The significant difference of the IL growth observed between high vacuum and relatively oxygen-rich N 2 annealing ͑both at 1000°C) is shown to be caused by the oxygen species from the annealing ambient. Our results also show that Hf aluminates exhibit much stronger resistance to oxygen diffusion than pure HfO 2 during RTA in N 2 ambient, and the resistance becomes stronger with more Al incorporated into HfO 2 . This observation is explained by the combined effects of ͑i͒ smaller oxygen diffusion coefficient of Al 2 3, 4 and Hf aluminates, 5-9 as alternates to SiO 2 have been extensively studied for future generation of metal-oxide-semiconductor transistors to address the excessive high leakage current concern. Pure as-deposited amorphous HfO 2 crystallizes during postdeposition annealing ͑for example ϳ400°C), 6 which may induce grain-boundary leakage current and nonuniformity of the film thickness. 10 More importantly, HfO 2 is transparent to the oxygen diffusion. 3, 11 Annealing in an oxygen-rich ambient will lead to fast diffusion of oxygen through the HfO 2 , causing the growth of uncontrolled low-k interfacial layers ͑either SiO x or SiO x -containing layer͒. 10, 12 The uncontrolled low-k layer poses a serious limitation to further scaling of the equivalent oxide thickness for HfO 2 3 ], hafnium tetrachloride (HfCl 4 ), and water (H 2 O) were used as precursors, and nitrogen was employed as carrier and purge gas. Hf-Al-O composite films were formed by switching between the metal precursors, TMA and HfCl 4 , while an H 2 O pulse follows every metal pulse. 8 Rapid thermal annealing ͑RTA͒ was conducted in either 10 Torr of N 2 or in a high vacuum (ϳ2ϫ10 Ϫ5 Torr) at several temperatures (800°C-1000°C) for 20 s. Thick films (ϳ20 nm) were prepared for x-ray diffraction ͑XRD͒ and x-ray photoelectron spectroscopy ͑XPS͒ study. Thin films were prepared using the same process recipe and characterized using XPS and cross-sectional transmission electron microscopy ͑XTEM͒. Thicknesses for the asdeposited high-k thin films determined by transmission electron microscopy are ϳ5.5 nm (HfO 2 ), ϳ4. toelectron take-off angle of 90°and with a pass energy of 20 eV. The Si 2p core-level XPS spectra for the as-deposited and after various RTA annealed (800°C/N 2 , 900°C/N 2 , 1000°C/N 2 , and 1000°C/high vacuum͒ samples are shown in Fig. 1 . The peak located at ϳ99.3 eV is attributed to SiuSi bonds from Si substrates, and the one at ϳ103.0 eV to SiuO bonds from the interfacial layer. 13 For the sake of comparison, the intensities of XPS peaks of SiuSi bonds have been normalized. From Fig. 1 , it is obvious that an IL exists for all of the as-deposited samples. For better understanding, the ratio of I Oxy /I Si for each sample with the different annealing conditions is plotted in Fig. 2 . I Oxy and I Si are determined by integrating the SiuO and SiuSi peak area, respectively, after a Shirley background subtraction. The change in the ratio of I Oxy /I Si directly reflects the variation of the interfacial layer growth: The higher the ratio, the thicker the IL. In the case of annealing in N 2 , IL thickness increases with increasing temperature for all of the four samples. For a given annealing temperature, the extent of IL growth is determined versus Al%, with HfO 2 film ͑0% Al͒ showing the largest growth, and Al 2 O 3 film the smallest. Doping of HfO 2 film with Al slows down the IL growth during annealing. Based on these XPS results, one can draw the conclusion that the ability to block oxygen diffusion through HfO 2 films is greatly enhanced by the incorporating of Al, and the ability becomes stronger when more Al is incorporated.
The ratio of I Oxy /I Si corresponding to a high vacuum (ϳ2ϫ10 Ϫ5 Torr) annealing at 1000°C is also plotted in Fig. 2 . Although the changes of I Oxy /I Si for these four samples show the same trend as that of annealing in N 2 , these ratios are significantly smaller than those of annealing in N 2 at the same temperature. This result implies that the active source of oxygen in an N 2 ambient, not the oxygen species present in the high-k films themselves, is responsible for the IL growth during RTA.
It should also be noted that no Hf silicide (HfuSi bonding͒ was detected from the Hf 4 f core-level scans ͑data not shown͒ for all samples after annealing in a high vacuum at 1000°C. This is because the pressure for annealing in our study is not low enough to trigger the formation of SiO species at the high-k/IL region, which is the key step for silicide formation. 14 The high-resolution XTEM micrographs of two samples ͓HfO 2 and (HfO 2 ) 0.85 (Al 2 O 3 ) 0.15 films͔ before and after 900°C annealing in N 2 are presented in Fig. 3 . After annealing, it is observed that the growth of IL is greater for the HfO 2 sample compared to the Al-doped HfO 2 , consistent with the XPS results shown in Fig. 1 . The composition of the interfacial layer is likely to be Hf͑Al͒ silicate, 12, 15 which is supported by XPS measurements shown in Fig. 1 . More evidence for silicate formation is the high-k film thickness decrease after annealing, as shown by XTEM images, which may be due to the consumption of high-k films through the reaction with IL 15 and/or film densification. 16 Further study of the IL composition by high spatial resolution electron energy loss spectroscopy is underway.
As reported previously, 6-8 HfO 2 film crystallization temperature is increased by alloying with Al. Our XRD study of 20 nm thick (HfO 2 ) x (Al 2 O 3 ) 1Ϫx films after 900°C annealing in N 2 also confirms this point, as depicted in Fig. 4 . These spectra show that (HfO 2 ) 0.67 (Al 2 O 3 ) 0.33 remains amorphous after 900°C annealing. In addition, the crystallization temperatures increases with more Al incorporated. [6] [7] [8] These results are well correlated with the experimental observation regarding oxygen diffusion through (HfO 2 ) x (Al 2 O 3 ) 1Ϫx films ͑Figs. 1 and 2͒: the higher Al concentration, the higher the crystallization temperature and, hence, the lower the oxygen diffusion along the grain boundaries of the high-k films which, in turn, reduces the IL growth. Another reason for the reduced rate of oxygen diffusion by the addition of Al 2 O 3 is that the Al 2 O 3 is known to have much lower oxygen diffusion coefficient compared to HfO 2 at high temperature. 17 In conclusion, we report that both the thermal stability and the resistance to oxygen diffusion of HfO 2 are improved by adding Al to form Hf aluminates, and the improvement is closely correlated with the Al percentage in the films. This observation is explained by ͑i͒ Al 2 O 3 has much lower oxygen diffusion coefficient than HfO 2 at high temperature; ͑ii͒ doping HfO 2 by Al raises the film crystallization temperature of HfO 2 and thus drastically reduces the oxygen diffusion along the grain boundaries during annealing. The difference of IL growth between N 2 ͑10 Torr͒ and a high vacuum (ϳ2ϫ10 Ϫ5 Torr) 1000°C annealing indicates that the active oxygen species from the annealing ambient is the cause for the IL growth during RTA in N 2 . A reduced oxygen atmosphere is therefore required to suppress the IL growth for (HfO 2 ) x (Al 2 O 3 ) 1Ϫx films on Si during the postdeposition process.
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